Fresh weight and dry weight as well as quantitative and qualitative protein changes in the developing soybean (Glycine max) seed were described from 12 days after flowering until maturity. The seed proteins were separated on sucrose density gradients into three major fractions, having average sedimentation coefficients of 2.2S, 7.5S, and 11.8S. The 2.2S sedimenting proteins predominated at very early stages of development (12 days after flowering) and decreased proportionately throughout maturation. The 7.5S and 11.8S components appeared to be synthesized later in maturity and in larger amounts than the 2.2S proteins. Electrophoretic studies on extracts from whole seeds and on isolated protein fractions confirmed the early abundance of proteins in the 2.2S fraction and revealed temporal differences in the accumulation of three components of the 7.5S fraction. The 11.8S sedimenting fraction appeared throughout seed development as a homogeneous protein which accumulated in the seed with a time course similar to that of the total 7.5S protein fraction.
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Large quantities of protein are accumulated over a short period of time during seed development in many legumes (2, 20) . These accumulated proteins are few in kind but constitute a high proportion of the total protein of the mature seed (1) . Thus the developing seed has been generally recognized to have potential for studies on the quantitative and qualitative regulation of protein synthesis (2, 14, 20) . Before this potential can be fully realized, however, the temporal pattern of protein accumulation during seed development must be established.
The synthesis or accumulation of the seed proteins of several leguminous species have been studied, including Glycine max (3, 17) , Pisum sativum (2, 9) , Vicia faba (20, 24) , and Phaseolus vulgaris (14) . Danielson (9) observed temporal differences in the accumulation of the albumin and globulin fractions of Pisum sativum. The relative amounts of exogenously supplied amino acids incorporated into these two fractions were recently demonstrated to vary during maturation of these seeds (2) . Temporal rates of accumulation of the proteins of maturing soybean have been demonstrated by Kondo et al. (17) . The observations of these workers led us to examine further the major protein components of soybean seeds during development and maturation in order to extend the available information on their characterization and accumulation.
MAlERIALS AND METHODS Plant Materials. Seeds of an early maturing soybean, Glycine max var. Portage, obtained from the University of Minnesota seed stocks, were planted in 8-inch clay pots in a sand-peat mix (1:1) containing a full complement of the required nutrients. A nutrient solution (16) was given weekly as a supplemental fertilizer after the third week of growth until flowering. During the period of rapid fruit set (about five weeks from planting), pods 5 to 12 mm long were marked individually, with a tag. Previous correlation of pod length and DAF3 had shown this length is reached 3 to 5 days after the fully expanded flower. Seeds in untagged pods were allowed to develop to maturity. Tagged pods were harvested periodically during seed development, pod and seed weights were obtained immediately, and the seeds of a given age were then pooled, frozen in Dry Ice, and stored at -20 C for further use. Dry weights were determined by placing freshly weighed seeds in a 70 C drying oven, weighing at 24 hr, and reweighing until the weight was constant.
Homogenization and Protein Extraction. Immature seeds were cracked and powdered in a Dry Ice-cooled mortar. The resulting powder was homogenized for 30 sec at full speed in a VirTis blender in 10 volumes (w/v) of a 0.035 M potassium phosphate buffer, pH 7.6, containing 0.4 M NaCl and 0.01 M B3-mercaptoethanol as described by Wolf and Briggs (23) . The brei was filtered through four layers of cheesecloth, and the filtrate centrifuged at 31 ,000g for 20 min. The 31 ,000g supernatant was used for further studies. A protein balance sheet was maintained at all stages as a check for recoveries and distributions of total protein. Protein was measured by the method of Lowry et al. (18) . Aliquots of the 31,000g supernatant fractions were precipitated with 5% trichloroacetic acid to distinguish precipitable high mol wt protein from nonprecipitable low mol wt Lowry-reactive compounds.
Sucrose Density Gradient Centrifugaton. Sedimentation and fractionations of soybean globulins was accomplished as previously described (15) . Aliquots of the immature seed supernatants were adjusted to approximately 20 mg of protein per ml, and 1 ml was layered on the gradients. Peak regions in the gradient were pooled for further studies.
'Abbreviation: DAF: days after flowering. 747 Polyacrylamide Discontinuous Gel Electrophoresis. Total protein obtained directly from the 31,000g supernatant preparation and protein fractionated on sucrose density gradients were electrophoresed by the method of Davis (10) as described in the preceding paper (15) except that the protein in some cases was layered over the stacking gel.
Scanning and Peak Estimation. The destained gels were scanned on a Gilford linear transport attachment to the Beckman DU monochromator. A computer program using X-Y plots of the gel traces was employed for estimation of the area under overlapping absorption peaks (Criddle and Zaya, personal communication). The protein represented by each peak was calculated as a product of the contribution (%) of its area and of the total protein at that stage in seed development. Figure 1 shows the general pattern of fresh weight and dry weight changes of the maturing seeds. Fresh weight increased rapidly from 12 DAF to about 34 DAF. Thereafter fresh weight declined rapidly as the seeds desiccated. Dry weight ( Fig. 1 ) increased steadily, leveling to a constant value at about 36 DAF. Stages of early embryogenesis prior to the rapid fresh weight increases at 12 DAF were not studied in detail. Figure 1 shows, however, that between 4 and 8 DAF pod weight increased rapidly, suggesting that much of the substrate available for fruit formation is channeled into the pod at this time.
RESULTS
The seed proteins were extracted beginning at 12 DAF, and the supernatant of the 31,000g spin was studied. At all stages of maturity, except 12 DAF, at least 90% of the total protein extracted in the crude homogenate was recovered in the supernatant fraction. At 12 DAF only 79% of the extracted protein was recovered in the 31,000g supernatant. This may reflect relatively higher amounts of nonextractable organellar protein in the young cells. Figure 2 shows the changes in protein of the crude homogenates and the 31,000g supernatant fractions as measured by the method of Lowry et al. (18) over the ripening period. The relatively low levels of total protein found at the earliest stages are apparent from Figure 2 . In fact, less than 5% of the total protein of the mature seed had been accumulated by 12 (15) were readily apparent at 23 DAF, and the gradient profiles thereafter indicated that nearly all of the observable protein was found as one of these three distinctly sedimenting classes.
These proteins were further resolved on polyacrylamide gels as reported previously by Hill and Breidenbach (15) . Figure 4 illustrates the changes in the relative distribution of these bands during seed development. Electrophoresis of each of the isolated sedimentation fractions from mature seeds revealed that bands 1, 2, and 3 were the major components of the 7.5S fraction whereas bands 4 and 5 were obtained from the 11.8S and 2.2S fractions, respectively (15) . At the earliest age, a relatively high amount of protein migrated at the gel front, suggesting, along with the evidence from the sedimentation profile, that much of the protein at 12 DAF was indeed low mol wt. Faint bands in the upper region of the gel were also observed at 12 DAF. One of these bands appears to correspond to the 11.8S (band 4) component, thus correlating with its presence as a small peak on the sedimentation profile at this age. It was not clear whether any of bands 1, 2, or 3 from the 7.5S fraction were present at this age, although there is a trace of at least one such peak. At 17 DAF, two of the three 7.5S bands and the 11.8S band were readily observable (Fig. 4) . The third 7.5S band was not detected in the supernatant protein until 28 DAF, and thereafter all of the five major electrophoretic components were observed in varying concentrations for the duration of the ripening period. Semiquantitatively at least, it can be seen from Figure 4 that 7 .5S fraction at various stages of seed development in discontinuous polyacrylamide (5% w/v) gels by the method of Davis (10) .
to undergo only slight changes, whereas there are marked changes in the three 7.5S proteins throughout maturation. Figure 5 shows the changes in the three components of the 7.5S fraction after separation on sucrose gradients and analysis by gel electrophoresis at each developmental stage. The isolated 7.5S bands seen in Figure 5 clearly have the same relative mobilities and are present at similar relative concentrations at each age. Band 3 is more apparent at 23 DAF in the isolated 7.5S fraction than in the total protein, where it was masked by the 11.8S band (Fig. 4) .
Changes in the amounts of each component during the ripening period were estimated by a computer program for determination of the area under overlapping peaks as described in "Materials and Methods." Figure 6a shows the increase in the level of protein from the electrophoretic traces of bands 1, 2, and 3 combined (as an estimate of the total 7.5S protein), band 4 (11.8S), and band 5 (2.2S). Both the total 7.5S and 11.8S proteins begin to increase rapidly 17 DAF, whereas the 2.2S component increases more slowly and constitutes a considerably smaller fraction of the total protein. The electrophoretic profiles were used as the primary criteria for determining temporal changes in protein levels. Figures 6b and 6c , however, compare the peaks from the sucrose gradients as a check on the respective protein levels of the corresponding band(s) from the electrophoretic scans for the 7.5S and 11.8S fractions. Estimates of protein values appeared larger from peaks 1, 2, and 3 combined than from the gradient profile (Fig. 6b) , perhaps reflecting the addition of background from the gels. The 11.8S fraction and band 4 gave very similar protein estimates (Figure 6c ) throughout seed development. Figure 7 details Days Affer Flowering  FIG. 6 . a: Protein changes in the electrophoretic components 1, 2, and 3; 4, and 5 of developing soybean seeds. Peaks 1, 2, and 3 were combined as an estimate of the 7.5S (-E)-) component. Peaks 4 and 5 represent, respectively, the 11.8S (-A-) and 2.3S (-E-) ultracentrifugal components. Relative protein values at different ages were estimated by a computer from the scans of the gels prepared by the Davis (10) maturity. Band 3 on the other hand, was not apparent until 23 DAF and increased from this time until maturity. DISCUSSION Satisfactory separation and characterization of the major protein components of soybean seeds has proved difficult to achieve with conventional protein purification techniques. Generally employed procedures (salting out, isoelectric precipitation, cryoprecipitation, etc.) require much time, usually result in considerable cross contamination, and may result in differential denaturation. To avoid these problems, we separated the major protein components present at various stages of development of soybean seeds by direct sucrose density gradient sedimentation of the 31,000g supernatant of seed extracts. This method of extraction and fractionation in dilute salt buffers required a minimum of manipulation and resulted in quantitative recovery of fractions with very little cross contamination as determined by two electrophoretic criteria (15) . Millerd et al. (20) has also used sucrose density sedimentation to obtain very clean preparations of the proteins of Vicia faba as verified by immunological criteria.
Density gradient sedimentation of the extracts of freshly matured 46-day-old seeds ( Fig. 3) revealed a sedimentation profile with three major peaks (2.2S, 7.5S and 11.8S), consistent with the profiles of defatted soybean meals obtained by analytical centrifugation (21, 23) and with previous results from this laboratory (15) .
A large proportion of the soybean protein found at early stages in development of the seed sedimented at 2.2S. In mature soybean, large quantities of the so-named trypsin inhibitors as well as a number of other proteins in lesser amounts have been reported to have 2S sedimenting properties (6, 7, 11) . The function of the 2S proteins is largely unknown, although enzyme activities have been reported for some of them (22) .
The 7.5S and 11.8S fractions of soybean are the major components of mature seed. Whereas the 11.8S fraction seemed homogeneous by electrophoretic criteria, the 7.5S fraction was heterogeneous. Both temporal and rate differences were apparent in the accumulation of the three electrophoretic components of the 7.5S fraction (Fig. 7) . The relationship among the three components of the 7.5S fraction of soybean is not known. Although their temporal differences indicated that they were unrelated, all three exhibited a similar sedimentation shift in buffer lacking 0.5 M salt, suggesting some similarity in properties. Electrophoresis of this fraction from mature seeds in an 8 M urea dissociating system yielded only three major components and a few minor bands, indicating that few changes occurred. In contrast, the 11.8S fraction was dissociated into several bands by the same system (15) . Preliminary results in this laboratory indicate that the subunits obtained from the three 7.5S bands, under dissociating conditions, show changes parallel to the results reported here in a nondissociating system, whereas the subunit ratios of the 11.8S fraction remain constant throughout development. Changes in the subunit ratios of vicilin during seed development in Vicia faba have similarly led other workers to conclude that this fraction is heterogeneous (24) . Studies on soybeans are under way to extend this point and will be reported later.
No temporal difference was seen between the early appearance of the 7.5S components as a whole and the appearance of the 11.8S protein. At 12 DAF, Figures 3 and 4 show that both the 11.8S protein and components of the 7.5S fraction were apparently present. More specific criteria are required to determine the identity of these proteins because, at this and earlier stages in seed development, enzymatic proteins exhibiting the same physical properties may be found at concentrations comparable to those of the storage proteins. This raises questions about the reports (13, 24) based on solubility separations, that vicilin precedes legumin in the seed development of Vicia faba.
Additionally, profiles of mature soybean seed extracts on sucrose density gradients were similar to those recently reported for Vicia faba (20) and Pisum aureus (12) . Together these studies qualitatively corroborate the interspecies comparisons on the analytical centrifuge by Danielson (8) , who reported that a number of leguminous species have similar storage components. Indeed, the temporal accumulation of the protein components of soybean and of Pislim sativum (9) , as indicated by sedimentation criteria, substantiates the apparent similarity of these proteins and further suggests that a similar sequence of events leads to their synthesis.
Sedimentation criteria alone are not sufficient to completely characterize these proteins. Recent investigations (4, 5, 19, 25) have shown that proteins from related leguminous species seemed similar by solubility or sedimentation criteria but exhibited differences in electrophoretic properties.
Comparison of the seed proteins of leguminous species is frequently confusing. They are not well characterized by any single physical parameter. The names vicilin, legumin, glycinin, etc., no longer seem appropriate in view of both the heterogeneity within species and differences between species. However, within a species they are few in number, and the similarities between species that exist indicate an evolutionary conservation that might not be expected if their function is purely storage of amino acids. It is perhaps surprising that they are not more different.
